Recent studies in adult and weanling rats show that dietary fat, in close association with circulating lipids, can stimulate expression of hypothalamic peptides involved in controlling food intake and body weight. In the present study, we examined the possibility that a fat-rich diet during pregnancy alters the development of these peptide systems in utero, producing neuronal changes in the offspring that persist postnatally in the absence of the diet and have long-term consequences. The offspring of dams on a high-fat diet (HFD) versus balanced diet (BD), from embryonic day 6 to postnatal day 15 (P15), showed increased expression of orexigenic peptides, galanin, enkephalin, and dynorphin, in the paraventricular nucleus and orexin and melanin-concentrating hormone in the perifornical lateral hypothalamus. The increased density of these peptide-expressing neurons, evident in newborn offspring as well as P15 offspring crossfostered at birth to dams on the BD, led us to examine events that might be occurring in utero. During gestation, the HFD stimulated the proliferation of neuroepithelial and neuronal precursor cells of the embryonic hypothalamic third ventricle. It also stimulated the proliferation and differentiation of neurons and their migration toward hypothalamic areas where ultimately a greater proportion of the new neurons expressed the orexigenic peptides. This increase in neurogenesis, closely associated with a marked increase in lipids in the blood, may have a role in producing the long-term behavioral and physiological changes observed in offspring after weaning, including an increase in food intake, preference for fat, hyperlipidemia, and higher body weight.
Introduction
Childhood obesity and type II diabetes have increased markedly in industrialized countries, more than doubling over the past 30 years (Rocchini, 2002) . Clinical and animal studies have attributed this rise, in part, to fetal programming produced by maternal obesity and diabetes, which raise the offspring's long-term risk for these disorders, and by manipulations of maternal nutrition, which can affect the offspring's dietary preferences (McMillen and Robinson, 2005; Plagemann, 2006; Taylor and Poston, 2007) . Hypothalamic systems controlling food intake and body weight are affected by these perinatal manipulations and may be involved in mediating the long-term behavioral and physiological disturbances (McMillen and Robinson, 2005; Taylor and Poston, 2007) . Studies to date have generally involved maternal manipulations such as postnatal undernutrition or overnutrition, gestational diabetes, or low-protein diets, and have revealed changes in feeding-related peptides, particularly neuropeptide Y (NPY) and galanin (GAL), in the arcuate nucleus (ARC) of weanling rats (Plagemann et al., 1999 (Plagemann et al., , 2000 Ló pez et al., 2005; Plagemann, 2006) . It is not clear whether these effects are a consequence of changes in the offspring's body weight and adiposity-related hormones, insulin and leptin, or whether they reflect developmental changes in utero that persist over the long term. The brain is clearly affected by nutrition during pregnancy, as indicated by studies measuring whole-brain NPY in embryos of diabetic dams or dams on a low-protein diet (Singh et al., 1997; Terroni et al., 2005) and also brain growth or cell generation in offspring of malnourished dams (Debassio et al., 1994; Gressens et al., 1997; Plagemann et al., 2000) .
To further elucidate mechanisms in utero that may underlie fetal programming related to maternal nutrition, we focused the present study on a specific macronutrient, dietary fat, which can be manipulated for brief periods without altering the body weight and hormone levels of dams and their offspring . In adult rats, the consumption of a high-fat diet or injection of a fat emulsion stimulates the expression of orexigenic peptides in the paraventricular nucleus (PVN) and perifornical lateral hypothalamus (PFLH), but not the ARC. These include GAL, enkephalin (ENK), and dynorphin (DYN) in the PVN and orexin (ORX) in the PFLH, whose expression is strongly, positively related to circulating levels of lipids, in particular triglycerides (TG) (Leibowitz and Wortley, 2004; Chang et al., 2007) , and whose injection preferentially stimulates intake of a high-fat diet (Zhang et al., 1998; Leibowitz, 2000; Clegg et al., 2002; Yun et al., 2005) . Whereas a high-fat diet during pregnancy and lactation is known to have long-term physiological effects in adult offspring Férézou-Viala et al., 2007) , there are few studies of this dietary manipulation on the brains of offspring at or before weaning. With one report showing an increase in circulating TG levels in newborn offspring from dams on a fat-rich diet (Guo and Jen, 1995) , it is interesting that high-fat diet exposure during pregnancy and lactation can stimulate the expression in weanling rats of PVN GAL and PFLH ORX, but not NPY in the ARC (Kozak et al., 1998; Beck et al., 2006) .
In the present study, we investigated the effects of in utero high-fat diet exposure on the development of the different fatsensitive peptide systems in the PVN and PFLH and their pattern of expression postnatally in the absence of the diet. We identified neuroepithelium of the hypothalamic third ventricle as a target site of the maternal diet and demonstrated a profound effect of the high-fat diet during gestation on the proliferation and differentiation of neurons which ultimately express these specific, fatresponsive peptides that stimulate consumption of this diet.
Materials and Methods
Animals. Time-pregnant, Sprague Dawley rats (220 -240 g) from Charles River Breeding Laboratories were delivered to the animal facility on embryonic day 5 (E5). The dams were individually housed in plastic cages, in a fully accredited AAALAC facility (22°C, with a 12:12 h light-dark cycle with lights off at 2 P.M.), according to institutionally approved protocols as specified in the NIH Guide to the Use and Care of Animals and also with approval of the Rockefeller University Animal Care Committee. The rats were maintained ad libitum from E6 (one experiment from E9) on either a high-fat diet (HFD) with 50% fat or a balanced, control diet (BD) with 25% fat (see below). Standard lab chow was available for 3 additional days (until E9), while the dams became fully adapted to the mixed diet and consumed little chow. Over the course of the experiments, food intake was measured 3 times per week, and body weight was recorded weekly. The HFD compared with the BD had no impact on the dams' daily caloric intake during pregnancy (70 -90 kcal) and lactation (100 -125 kcal) or on their body weight at parturition (320 -350 g).
The litters of the HFD dams were similar to the BD litters in terms of size, body length, body weight, and female/male ratio, with no spontaneous abortions observed in either diet group. With half of the HFD litters cross-fostered to BD dams at birth, a third group of offspring referred to as HFD-BD was tested. Whereas the offspring of the BD and HFD dams were suckled by their own dams and maintained on their respective diets until they were killed at different postnatal ages, the HFD-BD offspring were removed from their HFD dam at birth and suckled by a BD dam that had no prior exposure to the HFD. On postnatal day 2 (P2), litters studied after birth were culled to n ϭ 8, primarily by eliminating the females. Each experiment (except for the first one) tested only male offspring, with 1 male pup taken from each litter and the number of rats/group (generally n ϭ 4 -6) equal to the number of litters. The BD, HFD, and HFD-BD offspring were killed at different postnatal ages by rapid decapitation, and whole-brain or dissected-brain tissue along with trunk blood was collected for further analyses.
For the behavioral and physiological experiments, both male and female offspring in the BD, HFD, and HFD-BD groups (n ϭ 6 -8/group) were examined from weaning (day 21) until 70 d of age (D70), a few weeks after puberty. During this time, all rats were maintained on the BD, except for the period from D50 to D60, when they were given access to both the BD and HFD. Frequent measurements (every 3-4 d) were taken of body weight and 24 h caloric intake, as well as the rats' preference for fat or carbohydrate (% of total caloric intake) that was calculated from the intake data obtained when the rats had both diets available. In addition, the female rats after weaning were inspected daily to determine the day of vaginal opening. At D70, all rats were killed, and trunk blood and brains were collected for further analyses. Unilateral body fat from 3 regions (gonadal, retroperitoneal, and inguinal tissue) and the mesenteric fat pad were dissected and weighed, with the body fat measure reflecting the sum of the 4 individual fat pads.
Diets. The constituents of the HFD (5.15 kcal/g) and BD (4.29 kcal/g), described in detail previously (Dourmashkin et al., 2006) , were as follows. The BD was composed of 25% fat, consisting of 70% lard (Armour) and 30% vegetable oil (Wesson), and of 50% carbohydrate, consisting of 30% dextrin (MP Biomedicals), 30% cornstarch (VWR International), and 40% sucrose (Domino). The HFD was composed of 50% fat, consisting of 80% lard and 20% vegetable oil, and of 25% carbohydrate, consisting of 30% dextrin, 30% cornstarch, and 40% sucrose. Both diets contained 25% protein, composed of casein (Bioserv) with 0.3% L-cystine and DL-methionine (MP Biomedicals), and were supplemented with 4% minerals (Briggs N Salt Mixture, MP Biomedicals) and 3% vitamins (Vitamin Diet Fortification Mixture, MP Biomedicals). These diets are nutritionally complete and found to have no detrimental effects on the health of the animals.
Brain dissections. Immediately after sacrifice, the postnatal brain was placed in a matrix with the ventral surface facing up, and three 0.5 mm coronal sections were made, with the middle optic chiasma as the anterior boundary. Three hypothalamic areas, the PVN at the level of bregma A 3.8 -3.5 mm and the PFLH and ARC at bregma A 2.9 -2.3 mm, were rapidly microdissected under a microscope using the fornix and third ventricle as landmarks and the stereotaxic atlas of a 10-d-old rat brain for guidance (Sherwood and Timiras, 1970) . The PVN was dissected as a reversed isosceles triangle, 0.5 mm bilateral to the ventricle and between the fornix structures. For the PFLH, the dissection was taken from the area surrounding the fornix, within a range of 0.1 mm medial and ventral to the fornix, 0.2 mm dorsal, and 0.1 mm lateral. For the ARC, the area adjacent to the bottom of the third ventricle was dissected parallel to the border of the ventricle, with the width of 0.1 mm at the top gradually widening to 0.2 mm at the bottom. These dissections were immediately frozen in liquid nitrogen and stored at Ϫ80°C until processed.
Real-time quantitative PCR analysis. Real-time quantitative PCR was used to measure mRNA levels in the PVN, PFLH, or ARC of 7 peptides in the BD, HFD, and HFD-BD offspring at P15 (n ϭ 4 -6/group). These peptides included GAL, ENK, and DYN expressed in the PVN and ARC, NPY and AgRP in the ARC, ORX in the PFLH, and melaninconcentrating hormone (MCH) in the PFLH, which may also show some increase after consumption of a HFD (Kennedy et al., 2007) . As previously described , total RNA from pooled microdissected hypothalamic samples (n ϭ 10) was extracted with Trizol reagent and treated with RNase-free DNase 1. The cDNA and minus RT were synthesized using an oligo-dT primer with or without SuperScript II reverse transcriptase. The real-time quantitative PCR was conducted with Applied Biosystems (ABI) system. With Applied Biosystems Primer Express V1.5a software, primers were designed to have a melting temperature of 58 -60°C and to produce an amplicon of 50 -160 bp. The last five bases on the 3Ј end contained no more than 2 G and/or C bases, to reduce the possibility of nonspecific product formation. The sequences of primers are shown in supplemental Table 1 A (available at www.jneurosci.org as supplemental material).
The SYBR Green PCR core reagents kit (ABI) was used with ␤-actin as an endogenous control. We also tested 2 other housekeeping genes, cyclophilin and GAPDH, and found each of these to yield consistent expression patterns across tissues and experimental paradigms and show similar trends in the results across groups. We chose ␤-actin, however, because it yielded the smallest variation in the different brain areas tested. PCR was performed in MicroAmp Optic 96-well Reaction Plates (ABI) on an ABI PRISM 7900 Sequence Detection system, with the condition of 2 min at 50°C, 10 min at 95°C, then 40 cycles of 15 s at 95°C and 1 min at 60°C. Each study consisted of 4 independent runs of PCR in triplicate, and each run included a standard curve, nontemplate control, and negative RT control. The levels of target gene expression were quantified relative to the level of ␤-actin by standard curve method, based on threshold with Ct value of 18 -25 for the different genes. The concentrations of primers were 100 -200 nM, and all reagents, unless indicated, were from Invitrogen. The specificities of RT-PCR products were confirmed by both a single dissociation curve of the product and a single band with a corresponding molecular weight revealed by an agarose gel electrophoresis. In addition to the nontemplate control and a negative RT control, the specificity of the quantitative PCR was verified with an anatomical negative control by using the corpus callosum in the same brain. No signals above threshold of all 7 targeted genes were detected by quantitative PCR in all of the controls.
Radiolabeled in situ hybridization histochemistry. The mRNA levels of GAL, ENK, DYN, ORX, and MCH were also measured by radiolabeled in situ hybridization histochemistry in the BD, HFD, and HFD-BD offspring at P15 (n ϭ 4 -6/group). The pups were killed by rapid decapitation, and the brains were immediately removed and fixed in 4% paraformaldehyde PB (0.1 M, pH 7.2) for 48 -72 h, cryoprotected in 25% sucrose for 48 -72 h, and then frozen and stored at Ϫ80°C. The antisense and sense RNA probes were labeled with 35 S-UTP (Amersham Biosciences) as described previously (Leibowitz et al., 1998; Lucas et al., 1998; Tritos et al., 1998; Wortley et al., 2003) . Free-floating 30 m coronal sections were processed as follows: 10 min in 0.001% proteinase K, 5 min in 4% paraformaldehyde, and 10 min each in 0.2N HCl and acetylation solution, with 10 min wash in PB between each step. After washing, the sections were hybridized with 35 S-labeled probe (10 3 cpm/ml) at 55°C for 18 h. After hybridization, the sections were washed in 4ϫ SSC, and nonspecifically bound probe was removed by RNase (Sigma) treatment for 30 min at 37°C. Then, sections were run through a series of stringency washes with 0.1 M dithiothreitol (Sigma) in 2ϫ SSC and 1ϫ SSC and 0.1ϫ SSC at 55°C. Finally, sections were mounted, air dried, and exposed to Kodak BioMax MR film for 8 -18 h at Ϫ80°C, developed, and microscopically analyzed. The sense probe control was performed in the same tissue, and no signal was found.
Gene expression level was determined with a computer-assisted microdensitometry of autoradiographic images on the MCID image analysis system (Image Research) as described previously (Lucas et al., 1998; Reagan et al., 2004) . Microscale 14 C standards (Amersham Biosciences) were exposed on the same Kodak film with the sections and digitized. Gray level/optical density calibrations were performed by using a calibrated film strip ladder (Imaging Research) for optical density. Optical density was plotted as a function of microscale calibration values. It was determined that all subsequent optical density values of digitized autoradiographic images fell within the linear range of the function. The values obtained represent the average of measurements taken from 10 -12 sections per animal. In each section, the optical density for the PVN, PFLH, and ARC was recorded, from which the background optical density from a same size area in the thalamus was subtracted. The mean value of the HFD and HFD-BD groups in each experiment was reported as percentage of the BD group.
Digoxigenin-labeled in situ hybridization histochemistry. For better visualization, in situ hybridization histochemistry with a digoxigeninlabeled probe was performed, as described above, to reveal the anatomical distribution of changes in peptide expression in the BD and HFD offspring (n ϭ 4 -6/group) at birth. AP-conjugated sheep antidigoxigenin fragments (1:1000, Roche) and NBT/BCIP (Roche) were used to visualize the signal, and sections were dehydrated and coverslipped for semiquantitation, as described previously .
5-Bromo-2-deoxyuridine immunocytochemistry.
To label proliferating cells in the hypothalamus of the embryo, the BD and HFD dams were given intraperitoneal (i.p.) injections of 5-bromo-2-deoxyuridine (BrdU) (20 mg/kg, Sigma) in 0.9% NaCl and 0.007N NaOH every 8 h from E11 to E13, E13 to E14, or E14 to E15, the period of peak cell birth in rat hypothalamus (Ifft, 1972; Altman and Bayer, 1978; Markakis and Swanson, 1997; Markakis, 2002) . The offspring (n ϭ 4 -6/age/group) were killed at different postnatal ages (P0, P8, P15, and P21), and their brains were removed and processed as described above for radiolabeled in situ hybridization histochemistry. To label neuroepithelial, precursor, and migrating cells in the embryonic hypothalamus, the dams at E14 were given one injection of BrdU (160 mg/kg, i.p.), and the fetuses were removed 3 h later. The embryonic brain was removed and processed as described above.
For BrdU immunocytochemistry, 30 -40 m free-floating coronal sections were treated with 0.2N HCl for 60 min at 37°C, then consecutively processed at room temperature as follows: 30 min in 0.1 M, pH 8.5, borate buffer, 10 min in PBS, 60 min in 5% normal rabbit serum containing 0.5% Triton X-100 PBS, overnight in rat anti-BrdU monoclonal antibody (1:1000, Novus Biologicals), 30 min wash in PBS, 2 h incubation in biotinylated rabbit anti-rat IgG (1:200, Vector Laboratories), 30 min wash in PBS, and 2 h incubation in ABC (1:300, Vector Laboratories). After 30 min rinse in PBS, BrdU immunoreactivity was revealed with H 2 O 2 /DAB (Sigma). After the wash in PBS, sections were mounted, dehydrated, and coverslipped for quantitative analysis (see below, Semiquantification of digoxigenin-labeled in situ hybridization and immunohistochemistry). Specific controls were performed with sections that omitted the rat anti-BrdU antibody or were from non-BrdU-injected animals, both of which showed no BrdU-immunoreactive staining.
Immunofluorescence histochemistry. Single-and double-immunofluorescence staining was used to label postnatal or embryonic brain tissue. The postnatal tissue was examined at P8 and P15 in most experiments, except for those measuring double labeling of BrdU with ORX or MCH, which examined somewhat older, P21, offspring to obtain better peptide immunofluorescence. For labeling of BrdU, the tissue was processed in the same manner as described for BrdU immunocytochemistry above. For all single labeling, after incubation in primary antibody, sections were rinsed for 30 min in PBS and then were incubated in properly conjugated secondary antibody for 2 h. After rinsing in PBS for 10 min, the sections were mounted and coverslipped with Vectashield mounting medium (Vector Laboratories). For double labeling using BrdU, the tissue was first treated with HCl as described for BrdU immunocytochemistry, and then processed following the single-labeling procedure. Information on the antibodies and protocols for single-and double-labeling immunofluorescence is provided in supplemental Table 1 , B and C (available at Figure 1 . Prenatal HFD in both the HFD and HFD-BD groups compared with the BD group (n ϭ 6 -8/diet group) produced behavioral, physiological, and neurochemical changes (mean Ϯ SEM) in the male offspring after weaning, as indicated by a significant increase (*p Ͻ 0.05) in measures of body weight or daily caloric intake on day 30 (D30) and day 70 (D70) and of preference (% of total diet) for fat versus carbohydrate on D50 -D60 (A); triglyceride, NEFA, galanin mRNA, and peptide levels in the PVN, and body fat pad weights on D70 (B); and leptin and insulin levels, with no change in glucose, CORT, and NPY on D70 (C).
www.jneurosci.org as supplemental material), and all procedures were performed at room temperature. Fluorescence image was captured with a Zeiss fluorescence microscope with MateVue software. Density of immunofluorescence objects was quantified with ImagePro software as described below and reported as density (objects/m 2 ). Double-labeled cells were counted and reported as percentage of total single-labeled cells.
Double labeling of digoxigenin in situ hybridization of peptide with BrdU immunofluorescence histochemistry. Digoxigenin in situ hybridization of peptides, GAL, ENK, and DYN, in combination with BrdU immunofluorescence histochemistry was used to determine whether BrdU-labeled cells express these specific peptides. The P8 brains of BD, HFD, and HFD-BD offspring (n ϭ 4 -6/group) of dams with BrdU injections from E11-13 were cut, and three sets of 30 m free-floating alternative coronal sections were processed for digoxigenin in situ hybridization (see above). After the signal was visualized in NBT/BCIP, sections were briefly washed in 0.1 M Tris-HCl containing 0.1 M NaCl and 50 mM MgCl 2 , pH 9.5, and PBS, and then were treated in 0.2N HCl for 60 min at 37°C. Afterward, sections were processed for BrdU immunofluorescence and viewed on a Zeiss microscope with MateVue software. Peptide-expressing neurons with dark-blue digoxigenin-labeled signal were viewed and captured with DIC filter first, and then the red Texas Red/Cy3 fluorescence filter was applied to reveal the BrdU-positive signal in the same field. The images were merged, and double-labeled cells were counted and expressed as percentage of total single-labeled cells.
Semiquantification of digoxigenin-labeled in situ hybridization and immunohistochemistry. Semiquantification of cell density of GAL-, ENK-, DYN-, ORX-, and MCH-expressing neurons, BrdU-immunoreactive cells from DAB reaction, and immunofluorescence cells or fiber density of BrdU, NeuN, Dcx, Tuj1, nestin, or vimentin were performed as described previously . Briefly, sections were viewed on a Leitz microscope (10ϫ objective). The images were captured with a Nikon DXM 1200 digital camera (Nikon) and analyzed using ImagePro Plus software (version 4.5, Media Cybernetics) on a gray-value scale from 1 to 255. In each animal, 8 -10 sections at the same level were used to examine each nucleus or area of interest, and the entire nucleus or area was outlined and analyzed. The population density was used to determine the cell or fiber density in these areas. Before measurements, a threshold for each nucleus or area was established. Using the selected sections, this threshold was set by matching the number of objects counted by the software in a defined area with the number of objects counted manually in that same area. This method, which was the same for all experiments and brain areas, yielded different threshold values (average of thresholds obtained within the same area in the 10 sections) for the different brain areas, experiments, and measurements of cells versus fibers. This semiquantitative procedure allowed one to count the number of neurons or fibers in a specific area, which were then expressed as the cell density (number of cells/m 2 ) or object density (number of fibers/m 2 ), respectively. The average cell or object density for the different groups was then compared and statistically analyzed, with the analyses performed by an observer unaware of the identity of the animals.
Radioimmunoassay. The PVN tissue, dissected from the BD, HFD, and HFD-BD offspring at P8 and P15 (n ϭ 4 -6/age/diet group), was homogenized in 1 ml of 0.1 M acetic acid and centrifuged at 14,000 ϫ g for 15 min at 4°C. All of the supernatant was removed, boiled for 10 min, and frozen at Ϫ80°C until use. For radioimmunoassay (RIA), GAL and NPY were measured as described previously (Akabayashi et al., 1994b; Leibowitz et al., 1998) , and met-ENK and DYN-A were measured using commercially available kits (Peninsula Laboratories).
Hormone and metabolite assays. Serum from trunk blood of BD, HFD, and HFD-BD offspring and dams was assayed using commercially available radioimmunoassay kits for insulin and leptin (Linco Research) and corticosterone (MP Biomedicals). Serum TG and glucose levels were assayed using a Triglyceride Assay kit from Sigma or glucose kit from TECO Diagnostics, respectively. Nonesterified fatty acids (NEFAs) were assayed in serum using a kit from WAKO Pure Chemical Industries.
Statistical analysis. The values in the figures and tables are expressed as mean Ϯ SEM. In each experiment, a direct comparison between the scores for a pair of groups was made using an unpaired Student's t test. With multiple comparisons, data were analyzed by one-way ANOVA, with a Bonferroni post hoc test to determine significant differences between the groups. The criterion for statistical significance was p Ͻ 0.05. Prenatal HFD in both the HFD and HFD-BD groups compared with the BD group (n ϭ 4 -6/age/diet group) produced changes in gene expression (mean Ϯ SD) of orexigenic peptides in the PVN and PFLH on postnatal day 15 (P15), as measured by real-time quantitative PCR. This is indicated by a significant increase (*p Ͻ 0.05) in both prenatal HFD groups of GAL, ENK, and DYN mRNAlevelsinthePVNandORXandMCHmRNAinthePFLH,alongwithadecreaseinpeptidemRNA in the ARC (A); and circulating levels of triglycerides, with no change in body weight or leptin and increased levels only in the HFD group of NEFA, glucose, insulin, and CORT (B).
Results

Long-term changes in adult offspring induced by prenatal HFD exposure
Building on prior studies showing long-term, physiological effects of HFD exposure extending through both pregnancy and lactation (see Introduction), we examined the effects of a shorter period of exposure to a HFD, 2 weeks prenatally (E6 -P0) or postnatally (P1-P15). Also, rather than using a low-fat diet (10% fat) as a control, we compared this HFD (50% fat) to a more balanced, moderate-fat diet (BD), which is closer in fat content (25% fat) and thus minimizes any group differences in caloric intake and body weight. This experiment had 4 sets of dams that produced 4 groups of offspring, as described in the Materials and Methods section. They were the (1) BD group, which was maintained on a BD both prenatally and postnatally; (2) HFD group, which had a HFD both prenatally and postnatally; (3) HFD-BD group, which had the HFD only prenatally and the BD postnatally, with the offspring cross-fostered at birth to BD dams never previously exposed to a HFD; and (4) BD-HFD group, which had the BD prenatally and HFD only during the postnatal period. Compared with the BD group, the two groups with prenatal HFD exposure, whether the HFD continued postnatally until weaning (HFD group) or was removed at birth (HFD-BD group), exhibited similar behavioral, physiological, and neurochemical changes that persisted after weaning (P21) in the absence of the HFD, as illustrated for male offspring (Fig. 1) . Although only the HFD offspring exhibited an increase in body weight and daily caloric intake at 30 d of age (D30), both the HFD and HFD-BD male groups showed these effects after puberty, as indicated by the D70 measures, and exhibited an enhanced preference for dietary fat when a choice of the two diets was provided from D50 to D60 (Fig. 1 A) . Further, when examined at D70, the HFD and HFD-BD offspring had increased serum levels of TG and NEFA, elevated GAL mRNA and peptide levels in the PVN, and greater body fat accrual (Fig. 1 B) . These changes were accompanied by an increase in leptin and insulin, but no change in serum levels of glucose or CORT and in NPY levels in the ARC (Fig. 1C) . Similar effects were observed in the female HFD and HFD-BD offspring (supplemental Table 2 , available at www.jneurosci.org as supplemental material), which showed an even greater percentage increase ( p Ͻ 0.05) compared with males in their body fat (ϩ140% vs ϩ75%) and leptin levels (ϩ240% vs ϩ150%) and reached puberty (day of vaginal opening) at an earlier age (days 29 -32) compared with the BD offspring (days 33-36). These changes in adult rats were not evident in the BD-HFD group, which was exposed for 2 weeks (P1-P15) to the HFD only during the postnatal period (data not shown). These findings underscore the importance of in utero exposure to the HFD. They show it to be sufficient to produce long-term effects, even compared with a moderate-fat BD, that persist after birth and weaning in the absence of the HFD.
Changes in preweanling offspring induced by prenatal HFD exposure
This experiment examined whether prenatal HFD exposure affects gene expression in preweanling offspring, similar to adults (see Introduction), of different orexigenic peptides that may contribute to their long-term changes in eating patterns. With dams placed on the HFD or BD at E6, 3 groups of offspring, BD, HFD, and HFD-BD, were formed and then killed before weaning, at 15 d of age (P15), just before the start of independent feeding. While having no impact on the body weight of the dams (320 -350 g) through gestational day 21, the maternal HFD had a pronounced, site-specific stimulatory effect on the offspring's hypothalamic peptide mRNA, as measured by real-time quantitative PCR (Fig. 2 A) . At P15, the HFD compared with BD offspring showed increased expression of GAL, ENK, and DYN in the PVN Figure 3 . Prenatal HFD in both the HFD and HFD-BD groups compared with the BD group (n ϭ 4 -6/diet group) produced changes in the orexigenic peptides (mean Ϯ SD) in the PVN and PFLH of postnatal offspring, as measured by different techniques. This is indicated by a significant increase (*p Ͻ 0.05) in mRNA levels (% of BD group) of GAL, ENK, and DYN in the PVN and ORX and MCH in the PFLH at P15, as measured by radiolabeled in situ hybridization with 35 S-labeled probes (A); photomicrographs illustrating this effect in the PVN and PFLH of the HFD-BD offspring compared with the BD (B); and a significant increase (*p Ͻ 0.05) in peptide levels in the PVN, as measured by radioimmunoassay in P15 offspring, or in the PFLH, as measured by immunofluorescence in P21 offspring (C).
and ORX and MCH in the PFLH. This is in contrast to gene expression in the ARC, which for the 5 peptides examined was unaffected or greatly reduced. This HFDinduced increase in peptide was similarly detected in younger pups at P8, shown with measurements of PVN GAL and PFLH ORX (supplemental Table 3 , available at www.jneurosci.org as supplemental material). As demonstrated in adult rats (see Introduction), these peptide changes in the HFD groups were closely associated with an increase in serum levels of TG in both the P8 and P15 offspring; they were dissociated, in contrast, from the measures of body weight and leptin, which remained stable at both ages, and also of NEFA, glucose, insulin, and CORT levels, which were elevated at P15 but not P8 (Fig. 2 B; supplemental Table 3 , available at www. jneurosci.org as supplemental material). Remarkably, the HFD-BD offspring compared with BD group showed a similar increase in peptide mRNA, once again, in the PVN and PFLH but not the ARC where gene expression was suppressed (Fig. 2 A) . This provides the first evidence that a HFD restricted to pregnancy produces changes in the brain that continue well beyond birth and period of diet exposure. Interestingly, in these HFD-BD offspring, the in utero HFD also had effects on circulating TG levels that persisted in the absence of the diet (Fig. 2 B; supplemental Table 3 , available at www.jneurosci.org as supplemental material). On the BD after birth, these lipids remained significantly elevated throughout the postnatal period, whereas the other measures of body weight, nutrients, and hormones in the HFD-BD group were unaltered. These findings, that prenatal HFD exposure has persisting effects on hypothalamic peptide expression, were substantiated in additional sets of postnatal offspring using different techniques. Measurements with radiolabeled in situ hybridization revealed significantly elevated peptide mRNA levels in the HFD and HFD-BD groups compared with BD offspring at P15 (Fig. 3A) . These findings are illustrated in photomicrographs of GAL, ENK, and DYN mRNA in the PVN and of ORX and MCH mRNA in the PFLH (Fig. 3B ). In accordance with these changes in gene expression, examination of another set of HFD and HFD-BD offspring revealed increased levels of the peptides in the PVN and PFLH, as measured by RIA or immunofluorescence (Fig. 3C) . These results, showing clear changes in both mRNA and peptide levels in postnatal pups that had elevated TG similar to Figure 2 B, demonstrate the profound vulnerability of the offspring to dietary fat during gestation. They reveal marked changes in specific hypothalamic peptide systems controlling feeding and peripheral systems involved in lipid metabolism, which persist long after parturition and perhaps into adulthood and thus may be attributed to phenomena occurring in utero.
Effects of prenatal HFD exposure on the density of neurons at birth
To visualize possible changes in peptide-expressing neurons at birth, we used digoxigenin-labeled in situ hybridization to examine the offspring of dams maintained on the HFD or BD from E6 to parturition. The BD offspring had very few detectable GALpositive neurons in the PVN at P0; thus, the impact of the maternal diet on soma density was particularly notable, with the HFD offspring at birth showing a much larger number of PVN GALpositive neurons (Fig. 4 A, B) . This effect was site specific, occurring only in the anterior parvocellular region of this nucleus but not in the ARC or dorsomedial nucleus (DMN). The maternal HFD also increased the density of ENK-and DYN-expressing neurons in the PVN at birth, and this effect was evident in the middle-to-posterior region of this nucleus but, once again, not in the ARC, DMN, or ventromedial nucleus (VMN). The peptides expressed in the PFLH were similarly affected by the HFD (Fig.  4 A, B) . There was an increase in the density of ORX and MCH neurons, in both the perifornical area dorsal to the fornix (PFH) and the far lateral hypothalamus (LH), as illustrated for ORX. This increased density of neurons at P0 raises the intriguing possibility that a fat-rich diet creates a particular environment in utero that affects the development of specific neurons in the PVN and PFLH that ultimately express fat-sensitive, orexigenic peptides.
Effects of in utero HFD exposure on cell generation
To test whether the HFD stimulates the generation of new cells during pregnancy, dams placed on a HFD or BD at E6 were given injections of the cell proliferation marker, BrdU, from E11 to E13, E13 to E14, or E14 to E15. At birth (P0), the offspring from HFD dams that received BrdU injections during these gestational periods exhibited a significant increase in the density of BrdUpositive (BrdU ϩ ) cells in the PVN and PFLH (Fig. 5 A, B) . This is in contrast to the ARC or hippocampus, where no change was observed (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In additional animals given BrdU injections from E11 to E13, this stimulatory effect on BrdU ϩ cell Figure 4 . Prenatal HFD compared with BD offspring (n ϭ 4 -6/diet group) produced changes in orexigenic peptide mRNA in the PVN and PFLH at birth (P0), as measured using in situ hybridization with digoxigenin-labeled probes. This is indicated by a significant increase (*p Ͻ 0.01) in mRNA levels (mean Ϯ SEM) of GAL, ENK, and DYN in the PVN and of ORX and MCH in the PFH and LH (A); and photomicrographs of GAL mRNA in the anterior PVN outlined by a dash line and ORX mRNA in the PFLH just dorsal and lateral to the fornix (F) (scale bar: 100 m) (B).
density in the PVN and PFLH was similarly evident in the HFD-BD as well as HFD offspring examined at P8 or P15, whether they were initially exposed to the HFD at E6 or as late as E9 (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These results underscore the robustness of this phenomenon. In multiple groups, they demonstrate an increase in cell generation that is site specific, requires only a few days of in utero HFD exposure, and persists postnatally well beyond the period of diet exposure.
Impact of in utero HFD exposure on neurogenesis
To investigate the phenotypes of these hypothalamic BrdU ϩ cells, we performed single-or double-labeling immunofluorescence histochemistry using antibodies against NeuN (marker for mature neurons), GFAP (marker for astrocytes), and GalC (marker for oligodendrocytes). With the dams given diets at E6, the HFD and HFD-BD offspring compared with the BD group exhibited a marked increase in colabeling of NeuN with BrdU in the PVN and PFLH at P8 (Fig. 5C ). This is indicated in both areas by the increased percentage of double-labeled cells relative to the total single-labeled cells immunoreactive for BrdU or for NeuN. Whereas the glial markers revealed relatively few labeled cells in the PVN and PFLH before P8, there were considerably more at P15 and P25, and the number seen at these ages was unaffected or even slightly reduced in the HFD and HFD-BD offspring (supplemental Fig.  3 , available at www.jneurosci.org as supplemental material). This demonstrates that in utero HFD exposure has its greatest impact on the generation and development of neurons, rather than astrocytes or oligodendrocytes, in these hypothalamic areas.
Phenotype of new neurons generated by in utero HFD exposure The next step, using digoxigenin in situ hybridization histochemistry combined with BrdU immunofluorescence or doublelabeling immunofluorescence, was to determine whether these BrdU ϩ neurons affected by the prenatal HFD can express or synthesize the same orexigenic peptides, GAL, ENK, DYN, ORX, and MCH, known to be stimulated by dietary fat in adults. With dams placed on a diet at E6 and given BrdU injections from E11 to E13, the postnatal offspring in the HFD-BD as well as HFD litters exhibited a significant increase in colabeling of BrdU with the different peptides in the PVN and PFLH. This effect, indicated by the increased percentage of double-labeled cells relative to the total single-labeled BrdU ϩ or peptide ϩ cells, was evident with measurements of GAL, ENK, and DYN in the PVN at P8, as illustrated for GAL (Fig. 6) . It was also seen with measurements of ORX and MCH in the PFLH at P21, as illustrated for ORX which in the BD group exhibited almost no colocalization with BrdU (Fig. 7) . These results demonstrate that in utero HFD can stimulate the generation of PVN and PFLH neurons that in postnatal offspring have the specific phenotype of expressing fat-responsive, orexigenic peptides.
Effect of HFD on cell proliferation in embryo's neuroepithelium of hypothalamic third ventricle
To confirm that a postnatally observed increase in newborn neurons is primarily attributable to an increase in neurogenesis, we focused on a cell analysis of hypothalamic proliferative neuroepithelium (NEP). Neuroepithelium, composed mostly of undifferentiated cells that are multipotent (Qian et al., 2000; Liu et al., 2002; Rao, 2004) , is known to differentiate into either neurons or glia depending on environmental as well as cell-intrinsic changes (Yanagisawa et al., 2001 ). We examined NEP at the level of the hypothalamic third ventricle, specifically the ventral neuroepithelial lobe (VL) (Fig. 8 A) , which is an active site for proliferation and differentiation of NEP cells and the source of neurons destined for the PVN and PFLH (Altman and Bayer, 1978) . In dams on a HFD or BD since E6, a single BrdU injection was given at E14, and the embryos were killed 3 h later. The HFD embryos compared with the BD group exhibited an increase in colabeling of BrdU with NeuN in the proliferative VL and a pronounced thickening of this region (Fig. 8 B, C) . This effect, indicating an increase in neuroepithelial cell proliferation and neuronal generation, is shown by the significantly greater percentage of double-labeled cells relative to total single-labeled BrdU-or NeuN-immunoreactive cells in the VL, along with a small increase in the hypothalamus (HYP) adjacent to the NEP. The HFD embryos also exhibited cells in the VL labeled with Dcx, a marker for differentiating and migrating immature neurons, which were barely evident in the BD embryos, and a dramatic increase of this marker in the HYP just outside the NEP (Fig. 9A) . Thus, in addition to increased cell proliferation, these results in the embryo demonstrate a stimulatory effect of a HFD in utero on the migration of postmitotic neurons.
Effect of in utero HFD on neuroepithelial cell differentiation into restricted precursor cells As a further attempt to distinguish the neurons and glia during early stages of development, we tested in E14 embryos the effect of the prenatal HFD on neuroepithelial restricted precursor cells. The HFD embryos showed a significant increase (Fig. 9B ) in the density of ␤-tubulin type III (TuJ1) cells, a marker for neuronalrestricted precursors (NRP) or immature neurons. This was evident in the VL, demonstrating that the HFD stimulated NEP differentiation into NRP cells, and also in the HYP outside the NEP. In contrast, there was no change in nestin, a marker for glial-restricted precursors at this age, or vimentin, a marker for radial glia and tanycytes (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). These results demonstrate that in utero HFD in E14 embryos acts at the level of the multipotent NEP, stimulating its differentiation specifically into NRP cells. These stimulatory effects of the HFD on cell proliferation and differentiation were accompanied by a marked increase in circulating levels of TG and NEFA in the pregnant dams (E14 -E18) and also in their offspring at birth (Fig. 9C) . In contrast, there was no change in levels of glucose, leptin, insulin, and CORT or in body weight of the dams and newborn pups or in the daily food intake of the dams (supplemental Table 4 , available at www.jneurosci.org as supplemental material). This suggests a possible involvement of these circulating lipids in the stimulatory effect of a prenatal HFD on the developing hypothalamus.
Discussion
It has become increasingly evident that environmental conditions experienced early in life have an important role in the programming of behavioral and physiological systems. Consistent with published reports (Ghosh et al., 2001; Taylor et al., 2005; Férézou-Viala et al., 2007) , the present study of perinatal HFD exposure revealed changes in the offspring that became apparent after weaning. With a relatively short period of HFD exposure (2 weeks), male and female offspring of HFD compared with BD dams exhibited after puberty an increase in caloric intake, body weight, leptin, and insulin, a stronger preference for fat, and ele- vated TG levels and GAL mRNA and peptide in the PVN. Our finding, that these effects occurred with 2 weeks of in utero HFD exposure but not postnatal HFD, isolated the prenatal period as a critical time in programming PVN GAL neurons in association with enhanced preference for dietary fat and increased weight gain.
Similar to the offspring after puberty, HFD exposure during both the prenatal and postnatal periods stimulated expression of 5 orexigenic peptides in the PVN and PFLH of preweanling offspring. This effect is similar to that described in previous studies of GAL and ORX in weanling rats (Kozak et al., 1998; Beck et al., 2006) and of the 5 peptides in adult rats (Akabayashi et al., 1994a; Welch et al., 1996; Chang et al., 2007; Kennedy et al., 2007) . It is very different, however, from the results obtained in the ARC, where peptides are unaffected or reduced by a HFD and low-protein diets during pregnancy and lactation, while enhanced by undernutrition and gestational diabetes (Kozak et al., 1998; Plagemann et al., 2000; Franke et al., 2005; Beck et al., 2006; Plagemann, 2006) . Examination of pups at P8, P15, and P21 showed that the change in orexigenic peptides in the PVN and PFLH could occur in the absence of any alteration in body weight or leptin and before the start of independent feeding, suggesting that it is transmitted via circulating factors, such as nutrients, that reach the offspring through the dam's milk. With each of the 5 peptides, the increase in mRNA in the PVN and PFLH of HFD offspring was accompanied by a marked increase in peptide levels. This finding supports the possibility that these neurochemical changes have biological significance. Based on pharmacological studies in adult rats (Zhang et al., 1998; Leibowitz, 2000; Clegg et al., 2002; Yun et al., 2005) , one would expect their longterm functional consequences to be an increase in food intake and body weight on a fat-rich diet. These effects were observed in the prenatal HFD offspring at 70 d of age.
Most important were the findings in the HFD-BD offspring cross-fostered at birth to BD dams. These offspring exhibited the same postnatal changes in peptides, demonstrating that they are irreversible by removal of the HFD and thus may be occurring in utero and/or at birth. There are only a few reports examining prenatally manipulated offspring at birth for physiological or peptide effects (Guo and Jen, 1995; Plagemann et al., 1998; Cerf et al., 2006) . In newborn HFD offspring, we observed a greater density of peptideexpressing neurons, raising the possibility that the prenatal diet exposure may be increasing the number of cells born during gestation. This effect was site specific, localized to the anterior parvocellular PVN for GAL and middle-to-posterior PVN for ENK and DYN and to both the perifornical and lateral hypothalamic areas for ORX and MCH.
Investigation of the mechanism underlying this neuronal change revealed an increase in the generation of new cells and neurons in the hypothalamus in response to in utero HFD. As with the changes in gene expression, this phenomenon was evident at P15 in the HFD-BD as well as HFD offspring, thus not reversible by normalizing the diet, and it occurred only in the PVN and PFLH. It was not seen in the hippocampus, where a HFD in adult rats reduces cell density (Lindqvist et al., 2006) . It was also not evident in the ARC, where the orexigenic peptides are reduced by dietary fat or lipids in adult rats Leibowitz and Wortley, 2004) as shown here in HFD offspring, and also where they are particularly responsive to leptin, insulin, and glucose (Leibowitz and Wortley, 2004; Simerly, 2008) , which were unaltered in the HFD offspring and dams and thus unlikely to play a major role in the developmental changes.
Although many cells with a glial phenotype were evident in the hypothalamic ventricular area or forebrain regions, the PVN and PFLH had relatively few even at P25, confirming reports that mature glia in the hypothalamus develop considerably later than neurons (Jacobson, 1991) . Prenatal exposure to the HFD had no effect on glial density in these areas. Further, in both the HFD-BD and HFD offspring, a significantly higher proportion of the newly generated neurons had a specific phenotype of expressing orexigenic peptides, GAL, ENK, and DYN in the PVN and ORX and MCH in the PFLH. These results demonstrate, for the first time, cle of adult rats enhances cell proliferation in the ependymal layer (Xu et al., 2005) , and brain-derived neurotrophic factor, which enhances differentiation of cultured dopaminergic neurons in the hypothalamus (Loudes et al., 1999) and is stimulated by a HFD (Archer et al., 2005) . Although such hormones as insulin and leptin may have proliferative effects acting as growth factors (Baskin et al., 1987; Simerly, 2008) , they were not altered in the HFD dams or their offspring before P15 and thus unlikely to play a critical role in the dietinduced neuronal changes. However, in agreement with published reports (Guo and Jen, 1995; Srinivasan et al., 2006) , TG levels were markedly and consistently elevated in serum of pregnant dams on the HFD, as well as in the offspring at birth and postnatally even after the HFD was removed. The possibility that these lipids may contribute to the in utero effects of dietary fat is supported by evidence that fatty acids can stimulate neuronal proliferation and differentiation in vivo and in vitro (Kawakita et al., 2006) .
In summary, the results described in this report provide novel evidence for a mechanism of fetal programming that links a maternal fat-rich diet during pregnancy to the overeating and increased weight gain of the offspring after weaning. The proposed mechanism (Fig. 10 ) involves (1) circulating lipids, which are elevated in the dams and offspring by in utero HFD exposure; (2) a stimulatory effect on the proliferation of NEP cells at the hypothalamic third ventricle; (3) an increase in their differentiation into neuronal precursor cells and neurons that migrate to areas destined to become the PVN and PFLH; (4) a gearing of these neurons toward a phenotype of expressing specific peptides Figure 9 . Embryos of HFD dams at E14 exhibited an increase in the development of neuronal precursor cell phenotype compared with embryos of BD dams (n ϭ 4 -6/diet group). This is demonstrated by single-labeling immunofluorescence, which revealed the following in the HFD versus BD embryos: an increased density (*p Ͻ 0.05) in the HFD embryos of Dcx ϩ neurons in the ventral neuroepithelial lobe (VL) of the third ventricle (3v) and surrounding hypothalamic (HYP) area (left) [this is illustrated to the right by photomicrographs of Dcx ϩ neurons (green) that are considerably more dense in the HYP while still evident in the VL of HFD embryos but not BD embryos (scale bar: 200 m)] (A); and an increased density (*p Ͻ 0.05) of TuJ1 ϩ neuronal precursor cells in the VL and HYP (left), as illustrated to the right by photomicrographs of TuJ1 ϩ cells (red) in these areas surrounding the 3v (scale bar: 100 m) (B). C, Analyses of serum from pregnant dams (E14 -E18) and newborn offspring (P0) revealed significantly elevated (*p Ͻ 0.01) circulating levels of triglycerides and NEFA. Data are mean Ϯ SEM. Figure 10 . This diagram provides a schematic representation of the effects that prenatal HFD exposure has on circulating lipids, neuronal proliferation, differentiation, and migration, peptide gene expression in the PVN and PFLH, and the physiological and behavioral phenotype of the male offspring after weaning through adolescence. 3v, Third ventricle; AH, anterior hypothalamus; IL, inferior neuroepithelial lobule; PH, posterior hypothalamus.
highly responsive to a HFD; (5) enhanced expression and production of these peptides that continue until weaning and beyond, in the absence of the HFD; and (6) behavioral and physiological changes after weaning in both male and female offspring, including increased fat preference and weight gain, which are consistent with effects attributed to the orexigenic peptides. In light of a recent study of GAL deficient mice (Adams et al., 2008) , we propose that the physiological purpose of this diet-induced neurogenesis is to prepare the postweaning offspring of HFD dams to consume and thrive on their diet. Although future studies need to define the precise mechanisms underlying the relationship between lipids, hypothalamic neurogenesis, and their long-term functional consequences, our findings focus on the hypothalamic NEP as an important target site of in utero HFD exposure. This provides a key step toward understanding mechanisms of fetal programming, possibly associated with the rise in fat consumption in earlier generations (Stephen and Wald, 1990) , that may contribute to the increased prevalence of childhood obesity over the past 30 years.
